Introduction {#sec1}
============

Nanowires with electrical conductivity can be used for various applications such as transparent electrodes,^[@ref1]−[@ref3]^ optoelectronic devices,^[@ref4]−[@ref8]^ and energy conversion devices.^[@ref9]−[@ref12]^ The electrical conduction in nanowires occurs through conductive networks formed by obeying the percolation theory.^[@ref2]^ At lower concentrations, the relationship between the density of conducting nanowires and the electrical conductivity has a threshold value, which is known as the percolation threshold.^[@ref13]^ For two-dimensional widthless sticks of length, *L*, the number density of the sticks at the percolation threshold (*Nt*) is given by^[@ref14]^When sticks are added to a film at the percolation threshold, additional connections are formed between the sticks and the conducting path; this leads to a reduction in the electrical resistance of the network.

Metallic nanowires with concentration slightly higher than the percolation threshold are promising materials for transparent electrodes with flexibility.^[@ref1]−[@ref3],[@ref15],[@ref16]^ Among many metallic nanowires, Ag nanowire (AgNW) is the most widely investigated metallic nanowire due to the high electrical conductivity of Ag and relatively easier synthetic process.^[@ref15]^

Metallic nanowires need to possess both high optical transparency and high electrical conductivity if they are to be used as transparent electrodes. Thus, the efficient formation of a conducting network using low concentrations of metallic nanowires is indispensable. A lot of studies have been conducted to analyze the network formation of nanowires using theoretical calculation of percolation.^[@ref17]−[@ref19]^ The theoretical calculation clarified various types of valuable knowledge. For example, it was evident from the theoretical calculations that the conductive network formation becomes easier by increasing the aspect ratio of nanowires.^[@ref19]^ However, in practical conditions, it is necessary to consider the variations in different parameters that may not have considered in theoretical calculations. For instance, Tokuno et al. reported that the residual insulating polymer used for synthesizing the AgNWs suppressed the electrical conductivity of the transparent electrode made from AgNWs.^[@ref16]^ The amount of such residual impurities in the transparent electrodes made up of AgNWs depends on the synthetic process for the preparation of AgNWs and conditions of formation of the conductive networks. Thus, it can be seen that a precise estimation of the effect of these impurities on the electrical conductivity may be difficult by theoretical calculations. This may become pronounced in the case of nanowires with concentrations close to the percolation threshold because only a small number of conductive paths dominate the overall electrical conductivity of the material. Therefore, the development of an experimental method that allows visualization of the formation of a conductive network is required.

A scanning electron microscopy (SEM) is one of the most widely used equipments for the direct observation of the nanostructure of various materials, including conductive nanowires. The contrast of SEM images depends on the emissivity of secondary electrons (SEs), which is determined by various parameters including the shape of the materials and voltage at the material surface. The contrast in a SEM image caused by a difference in the surface voltage of the material is called "voltage contrast",^[@ref20]−[@ref26]^ and it can be used for the estimation of the difference in the degree of charging of the material surface caused by charge carrier doping.^[@ref20]−[@ref22]^ SEM measurement causes the charging of the material surface due to the irradiation of primary electrons (PEs). Thus, the difference in the charging of the material surface caused by PE irradiation can be estimated by the voltage contrast. For example, Song et al. observed a voltage contrast in AgNWs partially coated with poly(vinylpyrrolidone) (PVP), caused by the irradiation of PEs during SEM measurement. The study has also shown that the PVP-coated part of the AgNWs could be distinguished using the voltage contrast.^[@ref23]^ The voltage contrast is also used to observe other nanowire materials such as Si nanowires^[@ref24]^ and composites comprising carbon nanotubes and insulating polymers.^[@ref25],[@ref26]^

In the case of metallic nanowires with concentrations close to the percolation threshold, the degree of charging of nanowires by irradiation of PEs may differ for the isolated nanowires and nanowires in contact with the conductive network. Thus, the voltage contrast analysis in SEM images potentially becomes an effective method for the observation of conductive networks. In this study, we report the use of voltage contrast SEM to observe the conductive network of AgNWs.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the schematic representation of the device structure used in this study. AgNW networks were fabricated on the quartz glass substrate by spin-coating the solution of AgNWs dispersed in isopropanol. The length and diameter of the AgNWs used in this study were 10 ± 5 μm and 60 ± 10 nm, respectively. The values of number density per unit area (*D*) of AgNWs in the devices were 2.14, 3.85, 4.31, 5.51, 7.98, 11.7, and 13.2 × 10^6^ cm^--2^. These *D* values corresponded to the areal mass density (*D*~M~) values of 6.34, 11.4, 12.8, 16.3, 23.7, 34.8, and 39.1 mg/m^2^, respectively.

![Schematic representation of the device structure used in this study.](ao9b04222_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the current--voltage characteristics of the device. The device with *D*~M~ values of 6.34, 11.4, and 16.3 mg/m^2^ did not exhibit current flow, whereas the other device showed a linear relationship between current and voltage. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the electrical conductance of the device calculated from the slopes of the lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The conductance increased from approximately 15 mg/m^2^, which indicates the percolation threshold of AgNWs used in this study. The electrical conduction of AgNW films near the percolation threshold is dominated by only a small number of conducting paths.^[@ref27],[@ref28]^ In this case, the fluctuation in the number of conducting paths in each device significantly influences the electrical conductivity of the devices. Consequently, the devices with the *D*~M~ of 12.8 mg/m^2^ show electrical conduction, while those with the *D*~M~ of 16.3 mg/m^2^ do not.

![Electrical characteristics of the device. (a) Current--voltage characteristics of the device with *D*~M~ values of 6.34, 11.4, 12.8, 16.3, 23.7, 34.8, and 39.1 mg/m^2^. The numbers denote *D*~M~. (b) Conductance of the device as a function of the *D*~M~ of AgNWs.](ao9b04222_0002){#fig2}

The use of AgNWs at the percolation threshold may be suitable for observing conductive and nonconductive AgNW networks using SEM images. However, obtaining the exact density at the percolation threshold from experiments, such as the one shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, is difficult. Therefore, we instead measured the SEM images using AgNWs with slightly lower (*D*~M~ = 11.4 mg/m^2^) and higher (*D*~M~ = 23.7 and 34.8 mg/m^2^) densities than that at the percolation threshold.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the SEM image of the device with an areal mass density of AgNWs of 11.4 mg/m^2^. We carried out a continuous scan of the same area up to four times ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d). The change in the contrast with an increase in the scan time was observed. This indicates that the charging of device surfaces by irradiation of PEs enhanced with the scan time. The contrast change was almost saturated at the third scan. The Ag nanowires that were in contact with the electrodes appeared darker than those that were not in contact with the electrodes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d).

![SEM images of the device with an areal mass density of AgNWs of 11.4 mg/m^2^. The iamges of (a), (b), (c), and (d) were obtained by conducting a continuous scan for 1, 2, 3, and 4 times, respectively. The acceleration voltage of PE was 2 kV.](ao9b04222_0003){#fig3}

The SEM images of the negatively charged sample surfaces look generally brighter than the positively charged sample surfaces.^[@ref20]^ This is because negative surface charges facilitate the SE emission due to electrostatic repulsion, while positive surface charges suppress the SE emission due to electrostatic attraction. The charges generated by PE irradiation on AgNWs in contact with the electrodes flow to the sample stage of the SEM equipment via the electrodes during the analysis because the Au electrodes are connected to the sample stage. On the other hand, the charges get accumulated on the AgNWs isolated from the electrodes. This leads to the differences in the degrees of charging of the AgNWs in contact with the electrodes and of AgNWs isolated from the electrodes. As a result, a voltage contrast is observed. The darker image of AgNWs in contact with the electrodes compared to that of the isolated AgNWs indicates that these AgNWs are charged positively.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the SEM images captured by applying different acceleration voltages for the device whose *D*~M~ of AgNWs is 39.1 mg/m^2^. The SEM image with an acceleration voltage of 1 kV did not show a significant difference in the contrast between AgNWs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). A clear contrast between AgNWs was observed when the acceleration voltage was 2 kV, and the contrast increased with an increase in the acceleration voltage ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--f). This indicates that by controlling the acceleration voltage the extent of charging could be varied, which, in turn, enabled the observation of the voltage contrast of AgNWs. The quartz glass substrate became brighter with an increase in the acceleration voltage ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--f), suggesting that the accumulation of negative charges on the surface of the quartz glass substrate increased with an increase in the acceleration voltage. This is a commonly observed phenomenon in the SEM analysis occurring due to lowering of emissivity of SEs of material surfaces with an increase in the acceleration voltage.^[@ref26]^ On the contrary, AgNWs on the quartz glass substrate became darker with an increase in the acceleration voltage, which indicated that these nanowires became positively charged as the acceleration voltage increased. The darkening of the contrast of AgNWs is only observed on the quartz glass substrate and not observed on the Au electrodes, which indicated that the AgNWs placed on the quartz glass substrate only got positively charged. The device surface charges, i.e., the origin of the voltage contrast, as observed during SEM imaging are depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The positive charges on the AgNWs placed on the quartz glass substrate indicate that the negative charge on the surface of the quartz glass substrate should be the origin of the positive charges on AgNWs. This is consistent with the following facts. (1) The Au electrodes are connected to the sample stage of the SEM equipment; hence, they do not get charged. As a result, AgNWs on the Au electrodes also do not get charged. (2) The accumulation of positive charges in AgNWs suggests the flow of electrons to the electrode from the AgNWs, which would take place only if the AgNWs were in contact with the electrode.

![SEM images obtained by acceleration voltages of (a) 1 kV, (b) 2 kV, (c) 3 kV, (d) 4 kV, (e) 5 kV, and (f) 6 kV for the device with the *D*~M~ of AgNWs of 39.1 mg/m^2^. The images were obtained by three continuous scans.](ao9b04222_0004){#fig4}

![Schematic illustration of the charging of the device surface caused by the irradiation of PEs. The AgNWs placed on the quartz glass substrate having negative charges and in contact with the electrode are charged positively.](ao9b04222_0005){#fig5}

The number of darkened AgNWs were observed to increase as the acceleration voltage increased; further, the darkened AgNWs became darker and wider ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which indicated that the positive charge in the AgNWs was augmented with the increase in the acceleration voltage. The number of darkened AgNWs increased with an increase of up to 4 kV in the acceleration voltage. This indicates that at the acceleration voltage of 4 kV the positive charge in the AgNWs reached an amount that was sufficient to cause the voltage contrast. At acceleration voltages of 2 and 3 kV, some of the AgNWs showed an intermediate contrast, indicating that these AgNWs were under charging.

The widths of the darkened AgNWs seem to span across several hundred nanometers ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). This indicates that the capturing of secondary electrons, which resulted from the electric field formed by the positive charges in the AgNWs, occurs within several hundred nanometers from the AgNWs. Furthermore, this may limit the spatial resolution of the voltage contrast.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c shows the SEM images of the device with the *D*~M~ values of AgNWs of 11.4, 23.7, and 39.1 mg/m^2^. It was observed that the conductive networks reaching to the electrodes extended with an increase in the *D*~M~ of AgNWs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c). The device with the *D*~M~ of 23.7 mg/m^2^ had conductive networks connecting both the electrodes ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). However, due to the insufficient *D*~M~ of AgNWs, a lot of AgNWs seemed electrically disconnected from the electrodes. (Such AgNWs can be seen in the areas enclosed by the dotted line in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b.) On the contrary, most of the AgNWs seemed to have a connection with the electrodes in the device with the *D*~M~ of AgNWs of 39.1 mg/m^2^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). The difference in the amount of AgNWs without any connection with the electrodes, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c, was consistent with the electric characteristics of the device ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Namely, the electrical conductivity of the device with the *D*~M~ of AgNWs of 23.4 mg/m^2^ was significantly smaller compared to that of the devices with the *D*~M~ of AgNWs of 39.1 mg/m^2^.

![SEM images of the devices with the *D*~M~ values of AgNWs of (a) 11.4 mg/m^2^, (b) 23.7 mg/m^2^, and (c) 39.1 mg/m^2^. The images were obtained by conducting a continuous scan for three times. The acceleration voltage was 4 kV.](ao9b04222_0006){#fig6}

The device with the *D*~M~ of AgNWs of 39.1 mg/m^2^ had a firm conductive network. However, some of the AgNWs, e.g., the AgNWs enclosed by the white dotted line in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c, were bright, which indicated that these AgNWs did not have a strong electrical connection with the electrode. The electrical conduction in AgNW networks depended not only on the electrical conductivity of individual AgNW but also on the contact resistance between AgNWs. The contact resistance increased with an increase in the distance between AgNWs at the contact, and the electron tunneling at the contact almost disappeared when the distance between AgNWs at the contact is over several nanometers. Although AgNWs seemed to connect to the electrode via AgNW networks in the top view of SEM images, the electrical connection between the electrode and some of AgNWs would be weak owing to the distance between AgNWs at the contact exceeding the tunneling length of electrons. Tokuno et al. have actually observed such weakly bonded contacts of AgNWs.^[@ref16]^ The bright AgNWs in the SEM image of [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c indicated that regions with a weaker electrical connection between electrodes and AgNW networks could be detected by the voltage contrast of the SEM image.

The effective AgNW ratio, the ratio of the number of AgNWs that are electrically connected to the electrode and the total number of AgNWs placed between the electrodes, can be estimated by counting the darkened AgNWs and bright AgNWs in the voltage contrast image. For example, in the case of the device with the *D*~M~ of 39.1 mg/m^2^, approximately 81% of AgNWs were electrically connected to the electrodes.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the SEM image of the device with the *D*~M~ of 23.7 mg/m^2^ fabricated on a poly(ethylene naphthalate) (PEN) film substrate. The observed voltage contrast indicates that the voltage contrast measurement can be used when the insulating polymer film is used as a substrate.

![SEM image of the devices (*D*~M~ of 23.7 mg/m^2^) formed on the poly(ethylene naphthalate) film substrate. The image was obtained after conducting one scan. To prevent the disturbance of the image caused by the charging of the substrate surface, we used a small acceleration voltage of 0.8 kV.](ao9b04222_0007){#fig7}

Based on the results of this study, we concluded that the voltage contrast in SEM analysis is effective for the observation of the network formation of metallic nanowires. Thermography-based measurements, such as lock-in mode thermography, of nanowires may yield results that are similar to those of the voltage contrast measurement carried out in this study.^[@ref27]−[@ref30]^ The application of the external electric field to conductive nanowires induces an increase in the temperature of the nanowires through Joule heating. A sufficiently high spatial resolution that would allow for the thermographic measurement of individual AgNWs was obtained in the previous study.^[@ref29]^ In the case of thermography-based measurements, the results are affected by the contact area between AgNWs and the substrate,^[@ref30]^ which generally varies among individual AgNWs. The voltage contrast measurement may be useful when the dispersion of heat from AgNWs to the substrate fluctuates between each measurement point during the thermographic measurement.

Conclusions {#sec3}
===========

We demonstrated that the voltage contrast of AgNWs in the SEM analysis is effective to analyze the electrically conducting networks of AgNWs. The AgNW networks having a connection with the electrode appeared dark in the SEM image due to PE-irradiation-induced negative charging of the quartz glass substrate, which in turn induced positive charges on the AgNW networks connecting to the electrode. By controlling the acceleration voltage of PEs, the extent of charging of AgNWs could be controlled, which, in turn, enabled the observation of the voltage contrast of AgNWs. Using the voltage contrast of the SEM images, we visually distinguished between the conducting and nonconducting AgNW networks.

Experimental Section {#sec4}
====================

Au electrodes of the devices with a thickness of approximately 30 nm were fabricated by vacuum evaporation on a quartz glass substrate. We purchased the solution of AgNWs dispersed in isopropanol (Sigma-Aldrich, product number 739421). We then prepared the AgNW-dispersed solutions with concentrations of 0.06, 0.125, 0.17, 0.2, 0.25, 0.34, and 0.5 wt % by adding isopropanol to the purchased AgNW-dispersed solution. The AgNW layer in the device was fabricated by spin-coating the AgNW-dispersed solution at 2000 rpm for 30 s. The *D*~M~ values of AgNWs in the devices were 6.34, 11.4, 12.8, 16.3, 23.7, 34.8, and 39.1 mg/m^2^. A source measure unit (Agilent, model 2902) was used to measure the current--voltage characteristics of the device. For imaging, a field-emission SEM system (Hitachi High Technologies, S-4800) with a secondary electron detector was used. Each of the two electrodes was connected to the sample stage of the SEM equipment using Ag paste and Cu tape. The working distance during SEM observation was set at approximately 8 mm. We used the acquisition mode of "slow 3", which requires approximately 10 s per scan.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04222](https://pubs.acs.org/doi/10.1021/acsomega.9b04222?goto=supporting-info).SEM image of the device with a short channel length; SEM image of the device obtained using an acceleration voltage of 1 kV; and SEM image of the device obtained using an acceleration voltage of 4 kV ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04222/suppl_file/ao9b04222_si_001.pdf))
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